This paper is concerned with an improved model free adaptive predictive control (MFAPC) schemer. The controlled system is linearized dynamically to build a predictive model by using the notion of pseudo-partial-derivative. The new control method is applied to the main steam pressure cascade control system, which is a typical controlled process with large time constant and large time-delay parameters in a thermal power plant. The main control loop is implemented by the MFAPC algorithm and the inner control loop is implemented by a conventional PID controller. Simulation results have convinced that the MFAPC-PI cascade control method has good adaptability to overcome disturbances and track point.
Introduction
The main steam pressure has an important influence on security and economy operation of a thermal power plant, in addition to its large inertia and large delay, which also is a process with strong nonlinear and time-varying parameters changing with operating condition. Conventional cascade PID control can not achieve a satisfactory control effect system because it is difficult to tune the parameters [1] [2] [3] .
An inner model control-PID cascade control method is presented in [2] for the main steam pressure system, which shows a good dynamic performance. Based on fundamental principles of model-free adaptive control (MFAC) and characteristics of main steam pressure system in thermal power plant, a MFAC-PID cascading control system is designed in [3] . In addition predictive control is an effective method to the large delay system. A steady adaptive predictive functional control algorithm based on Laguerre model is applied to main steam temperature control system in [4] , and yielded the stability conditions of the closed-loop system. Combining the T-S fuzzy modeling and the predictive functional control technique, a fuzzy adaptive predictive functional control scheme is presented in [5] , which has excellent adaptability to various operating conditions. A state variable-predictive control strategy based on the modern control theory for the control of reheat steam temperature is showed in [6] . Thus model predictive control is an effective method for those controlled objects with the large inertia and large time delay in industry processes.
MFAC is proposed in 1993-1994, which substitutes a series of dynamic linear time-varying models, including tight form linearization, partial form linearization, and full form linearization, for general nonlinear systems, and online identifies the pseudo gradient vector only using the I/O data of controlled systems. Such is the model-free learning adaptive control scheme for nonlinear systems (see [7] [8] [9] [10] [11] [12] [13] for details).
The model-free scheme deals with the modeling of the nonlinear system easily because it is independent of the parameter model of system and has adaptive parameters. In this paper, an improved cascade MFAPC-PI scheme is designed for main steam pressure system of thermal power plant, in which the predictive model is built by using the partial form linearization of MFAC and the adaptive pseudo gradient vector is optimized on line. Simulation shows an impressive control effect.
2.Preliminary knowledge
A discrete SISO nonlinear system can be described by the following equation:
(
where y n and u n are the orders of the output ( ) y k and input ( ) u k , respectively, and ( ) f denotes a general nonlinear function. For a nonlinear system (1), the following two assumptions are necessary. Assumption 1: The partial derivatives of ( ) f with respect to the control input
Assumption 2: The system is generalized Lipschitz, that is, satisfying ( 1) ( ) y k C U k , for t and
, and C is a constant, L is a positive integer known as the control input length constant of linearization. These assumptions are not strong for a general nonlinear system. Assumption 1 is a typical condition for many control laws which a general nonlinear system should satisfy. Assumption 2 poses a limitation on the rate of change of the system output permissible before the control law to be formulated is applicable.
Theorem 1: [7, 11] For the nonlinear system (1), when Assumption 1 and Assumption 2 hold, then for a given L , there must exist ( )
, the system may be described as
3.Adaptive predictive control scheme
The state space model [11] of the system (1) can be obtained from equation (2) as
where ( ) ( 1), ( 2), , ( )
PPD ( ) k is, obviously, a time-varying parameter even though the system (1) is a time-invariant system. By using the following method (see [8] for details), PPD ( ) k can be identified on-line.
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where 0 is the learning rate and 0 ensures a reasonable range of alternative for (2), so can limit the change of pseudo gradient vector.
The predictive model of the system (1) is established at instant k as following form:
where ˆ( | ) x k j k denotes the state vector prediction at instant k for instant k j , ( | ) u k denotes the sequence of control vectors on the prediction interval and p denotes the prediction horizon. Let
(1) at instant k , we have p predictive outputs derived from equations (4) and (6) as 
T p T p T y k p k y k p k c A x k c A B u k c B u k p Summing both sides of (
7) yield ˆ( ) ( ) ( ) ( ) y k p y k GAx k F U k (8) where [ ] T T T p G c c A c A(9) 1 2 [( ) ( ) ]
T T T p T T T p T F c B c AB c A B c B c AB c A B c B
Consider a linear quadratic performance index written in the following form: 
where j q and j r are weight coefficients and denote the penalties of tracking errors and variation of control, respectively.
We assume the control sequence to be the same over the prediction interval for reducing the number of unknown parameters:
We may rewrite the above predictive model as
where F FI , The optimal ( ) u k is the minimum of J . Substituting (13) into (14), the solution minimizing the performance index may then be obtained by solving 0 ( )
From which direct computations may be applied to yield the control law explicitly as
4.MFAPC-PI cascade control scheme of main steam pressure
A MFAPC-PI cascade main steam pressure control system is presented in figure 1 , where MFAPC is the main regulator, PID is the secondary regulator, 1 ( ) G s is a transfer function between fuel quantity and furnace radiant energy signal, 2 ( ) G s is a transfer function between radiant energy signal and main steam pressure, ( ) F s is fuel quantity disturbance, 0 P and P are setting value and measured value of main steam pressure, respectively. The inner loop uses a conventional PI because of its strong ability of preventing interference and regulating, so that it can eliminate the inner fuel quantity disturbance fast. The outer loop adopts MFAPC, combing the good performances of MFAC and conventional PID, which can control the object well with large time delay, the large inertia and model uncertainty. 
5.Simulation
Simulations of the proposed control scheme and conventional PID cascade control system are done in this section, respectively. The steam pressure controlled plant [2] has the transfer functions as: Step response curves of systems
In figure 3 , it is shown the disturbance response curves of two systems. Obviously the MFAPC-PI cascade control system provides faster regulating speed under fuel quantity disturbance than that of conventional method. Thus the MFAPC-PI cascade control system has strong ability of preventing interference.
Along with operating condition changes, the linearized model parameters of the main steam pressure object will be different. When the load reduces, the main steam pressure models will change as 8 Step response curves and disturbance response curves of two systems under different operating condition are shown in figure 4 and 5, respectively. The proposed method shows good robustness, which has a faster settling process than conventional method. Step response curves of systems under different operating condition 
6.Conclusion
A MFAPC-PI cascade control scheme is designed in this paper, combining MFAC with conventional PID control, and it is applied to the main steam pressure control system in thermal power plant. Simulation results show better robustness and disturbance immunity of this scheme compared with that of conventional PID cascade control system.
